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The Hawking-Perry-Strominger (HPS) work [1] states a new controversial idea about the black hole (BH)
information paradox [2–5] where BHs maximally entropize and encode information in their event horizon area
[6, 7], with no “hair” thought to reveal information outside but angular momentum, mass and electric charge only
[8, 9] in a unique quantum gravity (QG) vacuum state. This new idea invokes new conservation laws involving
gravitation and electromagnetism [10, 11], to generate different QG vacua and preserve more information in soft
photon/graviton hair implants. In the context of black holes and the HPS proposal we find that BH photon hair
implants can be spatially shaped ad hoc and encode structured and densely organized information on the event
horizon involving novel aspect in the discussion a particular aspect of EM fields, namely the spatial information
of the field associated to its orbital angular momentum. BHs can have “curly”, twisted, soft-hair implants with
vorticity where structured information is holographically encoded in an organized way in the event horizon.
The BH information paradox, information loss and the no-
hair theorem were mainly based on the supposed unicity of
the quantum gravity vacuum that revealed outside only the
macroscopical quantities angular momentum, mass and elec-
tric charge. HPS changed this scenario with new results in GR
and QG, new invariants and symmetries such as supertransla-
tions [10, 12] and superrotations [13] and observable effects
[14–16]. Anyway, in our knowledge, it is still an open ques-
tion whether HPS soft hair can account for the Bekenstein-
Hawking entropy and capture the information of black-hole
microstates.
When one includes the set of conserved quantities of the
electromagnetic (EM) field too [11, 17–19], EM analogs of
the supertranslation charges are introduced as a generalization
of the electric charge conservation principle. Also in this case
HPS suggest that the unicity of the QG vacuum state is inval-
idated because of the creation or annihilation of actual physi-
cal quantum zero-energy state particles, soft photons. When
EM phenomena act on BHs, BHs are expected to carry a soft
electric hair implant, made with soft photons that store infor-
mation of any process in the event horizon, with different QG
vacuum states and different BHs with identical macroscopical
parameters.
Consider the metric obtained from the collapse of neutral
matter at advanced time v= 0,
ds2 =−
(
1− 2MΘ(v)
r
)
dv2+ 2dvdr+ 2r2γzz¯dzdz¯, (1)
written in terms of the round metric γzz¯ on the unit sphere S2
in complex coordinates (v,r,z, z¯), where v = t + r and r the
radial coordinate, z = tan(φ/2)exp(−iθ ) and z = 1/z¯, M the
BH mass and Θ = 0 before the shell at v = 0 and Θ = 1 af-
ter the shell at v = 0. The complete information is stored
in the S2 future boundary of the horizon, H + of the BH
horizon, H, an holographic plate made of quantum pixels
whose excitation corresponds to the creation of a spatially lo-
calized soft photon on the event horizon with polarization vec-
tor ε jm(σ) ∝ ∂zYjm(z, z¯)when, for example, a null shock wave
with divergence-free charge current carrying an angular mo-
mentum eigenstate j fall into the BH at v= v0 > 0,
j∗v =
Yjm(z, z¯)
r2
δ (v− v0) . (2)
generating a multipolar radiation field
Fsoft =
∫ +∞
−∞
dvF (0)zv =− e
2
j( j+ 1)
∂zYjm (3)
where F (0) indicates the photon term of the field and Yjm are
spherical harmonics [1]. A generic non-trivial asymptotic su-
pertranslation field given by an arbitrary combination of spher-
ical harmonics modifies the spacetime in Eq 1 becomes [15]
ds2 =−
(
1− M
2ρs
)2
(
1+ M
2ρs
)2 dt2+
(
1+
M
2ρs
)4
(
dρ2+
(
((ρ−E)2+U)γzz¯+ (ρ−E)Czz¯)dzdz¯
)
whereCzz¯(θ ,φ)≡−(2DzDz¯− γzz¯D2)C are the components of
the supertranslation field C, C0,0 is the lowest spherical har-
monic mode of C with the auxiliary quantities U(θ ,φ) ≡
1
8
Czz¯Czz¯, E(θ ,φ) ≡ 12D2C +C −C(0,0), ts = t +C(0,0) and
ρs =
√
(ρ−C+C(0,0))2+DzCDzC. The modified field is re-
vealed by experiments that take into account the effects of the
Typeset by REVTEX
2whole sphere around the BH such as an array of rulers around
the central object or by deviations from closed null geodesics
in strong lensing effects. The simple bending of light of a
distant star in a finite solid angular range outside of the super-
translation horizon remains unaffected by supertranslations.
ORGANIZED STRUCTURES OF SOFT PHOTONS
Consider the conserved quantity total angular momentum
J of a particle. This can be decomposed in spin angular mo-
mentum (SAM), S, and orbital angular momentum (OAM), L.
Whilst the splitting of the total angular momentum in two ob-
servables, J = L+S, is valid for massive particles, it has not
always a precise physical meaning for the EM field and for the
photon; in any case SAM andOAMare auxiliary concepts that
describe the photon wavefunction properties with respect to
rotations and OAM gives the order of the spherical functions
involved in the radiation field together with the parity of the
photon state, following precise rules for the composition of L
and S from the classical field formulation down to the single
photon level, where intensity corresponds to the probability of
generating a photon in a specific region of spacetime [22–24].
EM-OAM is currently widely applied in many research fields
[30] and technology: quantum and classical communications
[25–27], astrophysics [28] and nanotechnology. Prototype ex-
amples of fields carrying specific SAM and OAM eigenvalues
are Laguerre-Gaussian (LG) modes that provide an orthogo-
nal fundamental basis to expand any OAM field. They repre-
sent cylindrically symmetric structured EM beams that carry
lh¯ OAM per photon relative to their symmetry axis with am-
plitude, in cylindrical coordinates (r,z,ϕ),
uL−Glm (r,ϕ ,z) =
√
2m!
pi(m+ l)!
1
w(z)
[
r
√
2
w(z)
]l
Llm
[
2r2
w2(z)
]
(4)
e
−r2
w(z)2
− ikr2
2R(z) e
−i(2m+l+1)arctan
(
z
zR
)
e−ilϕ
where zR is the Rayleigh range of the beam, w(z) the beam
waist, Llm(x) the associated Laguerre polynomial and R(z) the
curvature radius. The azimuthal and radial indices l and m
give the OAM and the number of radial nodes of the associ-
ated intensity profile, respectively [18, 20].
All fields carry energy, linear momentum and orbital angu-
lar momentum [29]. The EM field is a vector field and there-
fore carries both spin and orbital angular momentum. These
observables are emitted in the form of volumetric densities
[19] and can therefore not be measured at a single point but
have to be integrated/averaged over a finite (possibly very
small) volume, for instance the volume occupied by a sensor.
Any generic field can be written as a superposition of LG
modes and decomposed into multipolar fields, spherical har-
monics and in terms of paraxial fields that depend only on the
wavelength [31]. These properties remain valid down to the
single photon level. For a simple LG beam with m = 0 the
vector potential A, in terms of multipolar superpositions of
circularly polarized plane waves, is
A = 2pi
∞
∑
j=‖l+p‖
i j(2 j+ 1)1/2C jl p
[
A
(m)
j (l+p)+ iA
(e)
j (l+p)
]
(5)
and
C jl p =
√
( j+ p)!( j− p)!( j+ l+ p)!( j− l− p)!
( j− |l|−|l+2p|
2
)!
k(−) j+ l+|l+2p|2 2|l|/2+1w−2 j−1+|l+2p|0 L|l+2p|j− |l|+|l+2p|2
(
(w0/k)
2
)
(6)
where the vector potential A is decomposed in the magnetic
(m) and electric (e) terms, k is the wavenumber, w0 the waist
of the associated Gaussian beam and Lpl is the associated La-
guerre polynomial. The field is composed of multipolar solu-
tions with different total angular momenta, but with the same
projection of the angular momentum in the direction z, which
is +1 or −1 depending on the polarization of the field and
( j,m = l+ p), p represents the circular polarization operator
and k the wavevector. LGmodes with OAM l and polarization
p present multipolar modes with a fixed componentm= l+ p
along z of the angular momentum [32].
Superpositions of multipolar sources from an arbitrary dis-
tribution of charges and currents j∗v in a finite source volume
V ′ can generate spatially-structured EM fields that carry a
well-precise combination of spherical harmonics and OAM
with respect to a given point in spacetime. We consider fields
that are characterized by precise phase structures in space and
OAM values, independently from the radiating system, as an-
gular momentum and its volumetric density is a property of
the field emitted by every radiation, not the property of the ra-
diator itself [18, 20, 21, 33]. We find, numerically and from
simple analytic considerations that when these currents fall
into the static BH, they not only produce structured fields and
then supertranslation states modifying the spacetime, but also
induce local spatial structures in the soft photon hair implant
in a neighborhood of the BH event horizon.
In the numerical simulations we consider, for the sake
of simplicity, a distribution of dipolar currents in a set of
azimuthally-dephased radiating dipoles on a circle with radius
rc and center Oc that produce a radiating EM field with a well-
defined OAM value l. The circle is orthogonal to the direc-
tion r⊥ connecting 0c and the center of the BH. We calculate
the spatial distribution of the soft photon implant on the event
horizon of the BH from Eqs. 2 and 3 in a neighborhood of
the point O. We assume that the BH radius, r∗, is r∗ ≫ rc
and approximate the metrics near the horizon r ∼ 2MG in
a small angular region θ = 0, where a small neighborhood
of an observer can be described in first approximation as a
Rindler coordinate system and a set of observers on the direc-
tion r⊥ identify, at a first approximation, a class of Rindler
observers. For these observers and with the approximations
here adopted, the radiating field from the currents is not sig-
nificantly affected by the free-fall radiating process [34, 35]
neglected in first approximation.
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Figure 1. Normalized electric field (E) probability of photon emis-
sion (intensity) and phase distribution of an l = 1 vortex generated
by four dipoles oriented across the y-axis (upper panel). The four
dipoles, much smaller than λ , are distributed on a circle with radius
λ/10. In the lower panel are reported the probability of associating
a soft photon hair in the soft photon implant and the spatial phase
information generated by the currents. Units are in λ .
The soft photon hair implant is here induced by four falling
dipolar currents distributed on a circle with radius rc = λ/10
have a spatial extension much smaller than the wavelength
emitted, d = λ/100 and are azimuthally dephased of δϕ =
pi/4 to generate an EM field with l = 1 OAM value calculated
with respect to the center of symmetry of the dipole array with
linear polarization across the x1 = x axis of the new acceler-
ated local frame (xi). The upper panels of Fig. 1 show the
probability of emission of a photon in a superposition of OAM
states and the spatial phase distribution of the EM field in a
window of 25λ × 25λ . The point of observation is located at
300 wavelengths distance in the direction r⊥. The lower pan-
els show the probability of associating a soft photon in the soft
photon hair implant and the corresponding phase profile in the
neighborhood of the event horizon, after neglecting the back-
reaction of the shell and of the EM field on the geometry. All
numerical simulations were performed with Matlab and NEC
(Numerical Electromagnetics Code) [36–38] that morphed the
standard NEC input and output into the correct shape of the
static spacetime geometry here considered through a geomet-
rical optics transformation from analog gravity [39, 40].
Owing to the realistic simulation of the four dipoles, the
spiral spectrum of the electric field component along x gener-
ated by the dipoles clearly shows a complex structure of OAM
components where the dominant term is l = 1 (Fig. 2), as in
the spiral spectra [41] of the EM field emitted by the dipoles
and that of the corresponding soft photon field. Interestingly,
the numerical results show that the spiral spectrum of the EM
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Figure 2. Left: spiral spectrum of the radiation field emitted by the
dipolar currents shows a dominant contribution of the l = 1 vortic-
ity of the source. Right: spiral spectrum of the soft photon field is
peaked on a dominant value (l = 2) is larger of one unity with respect
to that of the real photon field.
field generated by the four falling dipoles, peaked at l = +1,
has similarities to that of the soft photon hair implant but for
a translation of the peak to l = +2, apparently preserving the
spatial information of the real photon field. Naively, this effect
of spiral spectrum shift finds an interesting parallelism with
the optical experiments involving OAM beams: the soft pho-
ton hair implant Fsoft behaves as if it were the product of the
initial radiation field of the current j∗v after crossing a single-
bifurcation fork hologram that shifts the spiral spectrum of
one OAM unit [20].
From an analytical point of view, the shift of the spiral spec-
trum can be explained as follows. Consider a set of charges
that radiate an EM field described by a single ideal LG mode
with topological charge l as in Eq. 4. This carries a finite
value of polarization and OAM, with a precise spatial struc-
ture in intensity and phase. The decomposition in spherical
modes of this field puts in immediate evidence the angular
momentum properties through the eigenfunctions of the angu-
lar momentum operators, being Yjm the eigenfunction of the
operators J2 and Jz, where z in this case is r⊥. By applying
Eq. 3 and the derivation rules in the Riemann sphere [42, 43],
after some algebra, being ddxL
l
k = −Ll+1k−1, where l and k are
two arbitrary indexes, it is clear that the resulting soft photon
field presents terms with increased OAM value of exactly one
unit, l+ 1, with respect to the spherical harmonic distribution
of the field emitted by the charges of Eqs. 5 and 6, confirming
our numerical findings in the spiral spectra.
All information regarding the spatial distribution of cur-
rents are thus encoded on the event horizon and written in
the modified metric of Eq. 4. In this way we provide a novel
physical interpretation to the lush head of BHs “soft hair” that
have a modified spacetime with an organized spatial structure
on the event horizon, like for “real” photons.
Conclusions. Following HPS, Black holes encode the spa-
tial information of infalling currents generating OAM beams
in twisted hair implants that present a local a spatial struc-
ture on the event horizon. All information is encoded in a
new spacetime with supertranslation fields. We have shown
4that we can use the symmetries of EM fields to generate lo-
cal spatial structures on soft photon implants encoding struc-
tured and densely organized information on the event horizon.
Thus, BHs can have “curly”, twisted, structured soft-hair im-
plants where information can be written onto the horizon in
an organized way. This procedure can be extended to more
complex field configurations expressed in terms of conserved
quantities and symmetries inducing additional supertransla-
tion fields. Interestingly, a coherent and organized superposi-
tion of these quantum states corresponds to an organized quan-
tum bits string of information encoded into the event horizon
as in an holographic projection.
Multi-dimensional strings of qbits carrying ordered and
structured information can excite pixels in an orderedway, cre-
ating structures on the event horizon can be built from the in-
variants and symmetries of the gravitational and EM fields, in
a sort of quantum alphabet. This might represent a novel way
to input controlled information on BHs that will evolve accord-
ing to their computational complexity. Complexity can be en-
coded through a coherent [44] superposition and combination
of states as a string of a quantum computer [45] where, pos-
sibly, a non-thermal spectrum characterizes the passage from
macroscopic to microscopic information. This information is
thought to be processed by the BH interior as in a quantum
computer obeying the rules of quantum computation and com-
plexity; BHs are supposed to be the fastest computers to pro-
cess complexity in the most optimal way [46–48], encoding in-
formation in the structure of spacetime modifying it with the
supertranslation fields. Any BH would resemble a quantum
computer with high coherence and this information encoded
so far could be located by the soft-hair implant in a neighbor-
hood of the event horizon and in the modified spacetime. In
any case, because of Shaw theorem that connects information
and volume in the phases, any physical system must belong to
one of these three classes: systems that preserve information,
information dissipating systems and polynomial/exponential
information amplifiers [49] that for BHs seems to be still an
open debate.
ACKNOWLEDGMENTS
F.T. gratefully acknowledges the financial support from
ZKM and MSC-bw. M.D.L. is supported by ERC Synergy
Grant "BlackHoleCam" Imaging the Event Horizon of Black
Holes awarded by the ERC in 2013 (Grant No. 610058).
∗ fabrizio.tamburini@gmail.com
† laurentis@th.physik.uni-frankfurt.de
‡ iagnazio.licata@ejtp.info
§ bt@irfu.se
[1] Hawking, S.W., Perry, M. J. & Strominger, Phys. Rev. Lett. 116,
231301 (2016).
[2] Hawking, S. W., Nature 248, 30 (1974).
[3] Page, D., New J. Phys. 7, 203. arXiv:hep-th/0409024 (2004).
[4] Hawking, S. W., Commun. Math. Phys. 43 (1975), 199-D220.
[5] Hawking, S. W., Phys. Rev. D 14, 2460 (1976).
[6] Bekenstein, J. D., Phys. Rev. D 7, 2333 (1973).
[7] Bardeen, J. M., Carter, B., & Hawking, S. W., Comm. Math.
Phys. 31 (2): 161–170 (1973).
[8] Misner, C. W., Thorne, K. S., Wheeler, J. A. Gravitation (San
Francisco: W. H. Freeman, 1973).
[9] Chandrasekhar, S. The mathematical theory of black holes (Ox-
ford University Press, New York, USA 1992).
[10] Strominger, A., JHEP 1407, 152 (2014).
[11] Mitra, T. He, P., Porfyriadis, A. P., & Strominger, A., JHEP
1410, 112 (2014).
[12] Bondi, H., van der Burg, M. G. J. & Metzner, A. W. K., Proc.
Roy. Soc. Lond. A 269, 21 (1962).
[13] Donnay, L., Giribet, G., Gonzalez, H. A., and Pino, M., Phys.
Rev. Lett. 116, 091101 (2016).
[14] Mirbabayi, M. and Porrati, M., Phys.Rev.Lett. 117, 211301
(2016).
[15] Compére, G., Int.J.Mod.Phys. D25, 1644006 (2016).
[16] Sheikh-Jabbari, M.M., Int.J.Mod.Phys. D25, 1644019 (2016).
[17] Fushchich, V. I. & Nikitin, A. G. Symmetries of Maxwell’s
equations (D. Reidel Publishing Company, Dordrecht, Holland,
1987).
[18] Thidé, B., Electromagnetic Field Theory, (Dover Publications,
Inc., Mineola, 2nd ed., NY, USA, 2011) (In press).
[19] Thidé, B., Tamburini, F., Then, H., Someda, C. G. and
Ravanelli, R. A., The physics of angular momentum radio,
arXiv:1410.4268 [physics.optics] (2014),
[20] Torres P., Torner, J. L. (editors) Twisted Photons: Applications
of Light with Orbital Angular Momentum (Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, Germany, 2011).
[21] Jackson, J. D., Classical Electrodynamics, (John Wiley & Sons,
Inc., New York, NY, third ed., 1999).
[22] Leach, J., Padgett, M. J., Barnett, S. M., Franke-Arnold, S. and
Courtial, J., Phys. Rev. Lett. 88, 257901(4) (2002).
[23] Calvo, G. F., Picòn, A. & Bagan, E., Phys. Rev A 73, 013805
(2006).
[24] Tamburini, F. and Vicino, D., Phys. Rev. A, 78, 052116(5)
(2008).
[25] Mair, A. Vaziri, A., Weihs, G. & Zeilinger A., Nature 412, 313–
316 (2001).
[26] Tamburini, F., Mari, E., Sponselli, A., et al., New J. Phys. 14,
033001 (2012).
[27] Wang, J., Yang J. Y., Fazal, I. M., et al., Nature Photonics 6,
488–496 (2012).
[28] Tamburini, F., Thidé, B., Molina-Terriza, G. & Anzolin, G., Na-
ture Physics 7, 195-197 (2011).
[29] Davison E. Soper, Classical Field Theory (John Wiley
& Sons, Inc., New York, NY, USA, 1976).
[30] Grier, D. G., Nature 424, 810–816.
[31] Rose, M. E.,Elementary theory of angular momentum (Dover
publications, Inc., NY, USA, 1995).
[32] Molina-Terriza, G., Phys, Rev. A 78, 053819 (2008).
[33] Thidé, B. et al., Phys. Rev. Lett. 99, 087701 (2007).
[34] Rindler, W., Essential Relativity. NewYork, VanNostrand Rein-
hold Co. NY, USA (1969).
[35] de Almeida, C. and Saa, A., Am. J. Phys., 74, 154–158 (2006).
[36] Burke, G., Poggio, A., NEC Part I: Program Description - The-
ory, Technical report Lawrence Livermore Laboratory (1981),
available at http://www.radio-bip.qc.ca/NEC2/nec2prt1.pdf.
[37] Burke, G., Poggio, A., NEC Part II: Program Description -
Code, Technical report Lawrence Livermore Laboratory (1981),
available at http://www.radio-bip.qc.ca/NEC2/nec2prt2.pdf.
5[38] Burke, G., Poggio, A., NEC Part I: Program
Description - User’s Guide, Technical report
Lawrence Livermore Laboratory (1992), available at
http://www.radio-bip.qc.ca/NEC2/nec2prt3.pdf.
[39] Landau, L. D. and Lifshitz, E. M. The Classical Theory of
Fields, (Course of Theoretical Physics, Vol. 2, Pergamon, Ox-
ford, UK, 1975).
[40] Barcelo, C., Liberati, S. and Visser, M., Living Rev. Relativity,
14, 3, http://www.livingreviews.org/lrr-2011-3 (2011)
[41] Torner, L., Torres, J. and Carrasco, S., Opt. Express 13, 873
-881 (2005).
[42] Abramowitz, M. and Stegun, I. A. (Eds.). Handbook of Math-
ematical Functions with Formulas, Graphs, and Mathematical
Tables, 9th printing. New York: Dover, p. 17 (1972).
[43] Arfken, G., Mathematical Methods for Physicists, 3rd ed. Or-
lando, FL (USA) Academic Press (1985).
[44] Arundhati D. Coherent States for Black Holes JCAP 0308 004
(2003).
[45] Lloyd, S., Ultimate Physical Limits to Computation, Nature
406, 1047 (2000).
[46] Brown, A. R., Roberts, D. A., Susskind, L., Swingle, B. & Zhao,
Y., Phys. Rev. Lett. 116, 191301 (2016).
[47] Brown, A. R., Roberts, D. A., Susskind, L., Swingle, B. & Zhao,
Y., Phys. Rev. D 93, 086006 (2016).
[48] Hawking, S.W., arXiv:1401.5761v1 [hep-th], Talk given at
the fuzz or fire workshop, The Kavli Institute for Theoretical
Physics, Santa Barbara, August 2013, (2014).
[49] Licata, I. Emergence of Computation at the Edge of Classical
and Quantum Systems, in (Physics of Emergence and Organi-
zation, 1-25, ed. Licata, I. & Sakaji, A.) World Scientific, Sin-
gapore, 2008).
